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OVER APPROXIMATION OF INTEGRATED 
CIRCUIT BASED CLOCK GATING LOGIC 

REFERENCE TO RELATED APPLICATION 

The present invention is related to Us. application Ser. No. 
11/755,015, ?led May 30, 2007, entitled “Apparatus ForAnd 
Method Of Estimating The Quality Of Clock Gating Solu 
tions For Integrated Circuit Design,” incorporated herein by 
reference in its entirety 

FIELD OF THE INVENTION 

The present invention relates to the ?eld of integrated cir 
cuit design tools and more particularly relates to a method of 
optimizing logic design by simplifying clock gating logic 
circuitry through an over-approximation of the clock gating 
function. 

BACKGROUND OF THE INVENTION 

Due to the increased density of modern integrated circuits 
(ICs), the amount of poWer consumed by modern ICs contin 
ues to escalate. In response, there has been an increasing 
focus to loWer the poWer consumption of neW digital hard 
Ware circuits. One approach to reducing poWer consumption 
is to employ so called clock gating, a technique Which manu 
facturers have incorporated into the automated design of digi 
tal hardWare circuits. 

Clock gating is a Well knoWn technique used to reduce the 
poWer consumption of digital hardWare circuits. It is often 
employed as one of several poWer saving techniques typically 
applied to synchronous circuits used in large microprocessors 
and other complex circuits. To save poWer, clock gating solu 
tions add additional logic to a circuit to modify the function 
ality of the clock input of a ?ip-?op or latch, thereby disabling 
portions of the circuitry Where ?ip-?ops or latches do not 
change state. 

Issues that arise With clock gating include both the cost of 
implementing the clock gating logic, the amount of poWer 
consumed by the clock gating logic portion of the circuit and 
the fact that applying clock gating techniques affects the 
timing of the clock signal. As a rule, the siZe of clock gating 
logic is proportional to the timing problems that accompany a 
clock gating implementation. One Way to address this prob 
lem is to sloW doWn the clock in order to alloW gating function 
computations to ?nish Without violating setup and hold times 
of the memory elements. This, hoWever, is not usually a 
viable solution, and in fact, current synthesis tools reject 
logically valid clock gating solutions due to timing problems. 
An alternative solution is to reduce the siZe of the clock 

gating logic portion of the circuit by approximation of the 
gating function. The main factor affecting the siZe of the logic 
is the number of inputs. By reducing the number of inputs, the 
siZe of the logic of the gate function is reduced, the preventing 
its rejection because of timing problems. 

Therefore, there is a need for hardWare development tool 
mechanism that can reduce the siZe of the logic necessary to 
implement clock gating in a digital design by over-approxi 
mating the clock gating function. Preferably, the development 
tool alloWs the use of clock gating techniques When the clock 
gating is applied to the critical path, by ?xing the problem of 
time de?cit simultaneously With calculating the clock gating 
function. In addition, any implementation of a proposed over 
approximation of the original clock gating function must not 
sloW the clock Will decrease performance of the digital 
design. 
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2 
SUMMARY OF THE INVENTION 

The present invention is a method of reducing the siZe of 
digital logic circuitry necessary to implement clock gating. 
This is performed by generating an approximation of the 
clock gating function Which both reduces the siZe of the clock 
gating logic circuitry and solves the timing problems of the 
clock gating logic. A clock gating function is de?ned as the 
function that is logically ANDed With the clock input of the 
memory element (possibly through a clock buffer). Thus, the 
direction of the approximation needed is an over-approxima 
tion. The over-approximation is generated by either (1) 
removing a single variable from the original clock gating 
function or (2) removing a single component from the normal 
form representation of the clock gating function. In both 
cases, the element removed as a result of the over-approxi 
mation has the least in?uence on the resulting function. 

In clock gating, a good over-approximation can be de?ned 
as one Which results in a simpler function Which uses feWer 
variables, but differs as little as possible from the original 
function. Note that over-approximation of the clock gating 
function results in the clock ticking more than necessary, and 
that accordingly certain modi?cations to the data input(s) of 
the memory element might need to be made, if the data input 
functions Were optimiZed under the assumption of clock gat 
ing. 
The invention is operative to facilitate the development of 

synthesis tools Which generate more e?icient over-approxi 
mations of clock gating logic functions for digital designs. 
E?icient over-approximations result in clock gating circuitry 
that leaks less poWer, is less expensive to implement, and does 
not sloW doWn the clock to alloW gating function computa 
tions to ?nish Without violating setup and hold times. 

The invention analyZes all the inputs and the resulting 
output of a clock gating logic function. An optimal over 
approximation is achieved by calculating the in?uence of 
each variable in the function, and eliminating the variable 
With the least in?uence. For an over-approximation, the vari 
able is eliminated by ORing together the value When the 
variable is set to 0 With the value When the variable is set to l . 

The mechanism of the invention is capable of operating at 
a relatively early stage in the design cycle. The mechanism 
operates on clock gating solutions that are generated at a stage 
in the design Wherein the exact logic design is not ?naliZed. 
The functionality is knoWn but the circuit has not yet been 
optimiZed, thus exact timing information or poWer usage is 
not available. Alternatively, the mechanism of the invention 
could be used at a late stage of the design cycle. 
The advantage of the over-approximation technique of the 

invention is the ability to save poWer by implementing clock 
gating logic in digital designs Where the original clock gating 
function made clock gating impractical, Without the need to 
sloW doWn the clock 
Note that some aspects of the invention described herein 

may be constructed as softWare objects that are executed in 
embedded devices as ?rmWare, softWare objects that are 
executed as part of a softWare application on either an embed 
ded or non-embedded computer system such as a digital 
signal processor (DSP), microcomputer, minicomputer, 
microprocessor, etc. running a real-time operating system 
such as WinCE, Symbian, OSE, Embedded LINUX, etc. or 
non-real time operating system such as WindoWs, UNIX, 
LINUX, etc., or as soft core realiZed HDL circuits embodied 
in an Application Speci?c Integrated Circuit (ASIC) or Field 
Programmable Gate Array (FPGA), or as functionally 
equivalent discrete hardWare components. 



US 7,853,907 B2 
3 

There is thus provided in accordance With the invention, a 
method of over approximating a clock gating function having 
a plurality of variables, the method comprising the steps of 
selecting one of said plurality of variables to be eliminated 
from said function, removing said selected variable from said 
function, calculating an approximation function to re?ect the 
absence of said selected variable, replacing the original clock 
gating function With said approximation function and adjust 
ing the data input of the memory element to accommodate the 
over-approximation. 

There is also provided in accordance With the invention, a 
method of over-approximating a clock gating function repre 
sented in conjunctive normal form (CNF) having a plurality 
of clauses, the method comprising the steps of selecting one 
of said plurality of clauses to be eliminated from said CNF 
representation, removing said selected clause from said CNF 
representation, calculating an approximation function 
re?ecting the absence of said selected clause, replacing said 
original clock gating function With said approximation func 
tion and adjusting the data input of the memory element to 
accommodate the over-approximation. 

There is further provided in accordance With the invention, 
a method for o over-approximating a clock gating function 
represented in disjunctive normal form (DNF) having a plu 
rality of literals, the method comprising the steps of selecting 
one of said plurality of literals to be eliminated from said DNF 
representation, removing said selected literal from said DNF 
representation, calculating an approximation function 
re?ecting the absence of said selected literal, replacing said 
original clock gating function With said approximation func 
tion and adjusting the data input of the memory element to 
accommodate the over-approximation. 

There is also provided in accordance With the invention, a 
method for over-approximating a clock gating function 
expressed in normal form containing a plurality of compo 
nents, the method comprising the steps of selecting one of 
said plurality of components to be eliminated from said nor 
mal form representation, removing said selected component 
from said normal form representation, calculating an 
approximation function re?ecting the absence of said 
selected component, replacing said original clock gating 
function With said approximation function and adjusting the 
data input of the memory element to accommodate the over 
approximation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein described, by Way of example only, 
With reference to the accompanying draWings, Wherein: 

FIG. 1 is a truth table illustrating the results of an over 
approximation procedure; 

Z 2 is a ?oW diagram illustrating the method of adjusting a 
memory element data input in order to accommodate the 
over-approximation of the current invention; 

FIG. 3 is a ?oW diagram illustrating the clock gating func 
tion variable elimination method of the present invention; 

FIG. 4 is a ?oW diagram illustrating the method of deter 
mining the in?uence of a variable of the present invention; 

FIG. 5 is a binary decision diagram (BDD) illustrating a 
function F(A,B,C):(A & B)|C, to be over-approximated; 

FIG. 6A is a BDD illustrating the function F(A,B,C):(A & 
B)|C, restricted to the case Where A equals 0; 

FIG. 6B is a BDD illustrating the function F(A,B,C):(A & 
B)|C, restricted to the case Where A equals 1; 

FIG. 6C is a BDD illustrating the function F(A,B,C):(A & 
B)|C, restricted to the case Where B equals 0; 
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4 
FIG. 6D is a BDD illustrating the function F(A,B,C):(A & 

B)|C, restricted to the case Where B equals 1; 
FIG. 6E is a BDD illustrating the function F(A,B,C):(A & 

B)|C, restricted to the case Where C equals 0; 
FIG. 6F is a BDD illustrating the function F(A,B,C):(A & 

B)|C, restricted to the case Where C equals 1; 
FIG. 7A is a BDD illustrating the comparison of function 

F(A,B,C):(A & B)|C When A equals 0, With the function 
When A equals 1; 

FIG. 7B is a BDD illustrating the comparison of function 
F(A,B,C):(A & B)|C When B equals 0, With the function 
When B equals 1; 

FIG. 7C is a BDD illustrating the comparison of function 
F(A,B,C):(A & B)|C When C equals 0, With the function 
When C equals 1; 

FIG. 8A is a BDD illustrating the in?uence of variableA on 

function F(A,B,C):(A & B)|C; 
FIG. 8B is a BDD illustrating the in?uence of variable B on 

function F(A,B,C):(A & B)|C; 
FIG. 8C is a BDD illustrating the in?uence of variable C on 

function F(A,B,C):(A & B)|C; and 
FIG. 9 is a ?oW diagram illustrating the normal form over 

approximation method of the present invention; 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is a method of reducing the siZe of 
the logic necessary to implement clock gating. This is per 
formed by generating an over-approximation of the clock 
gating function Which both reduces the siZe of the clock 
gating logic circuitry and solves the timing problems of the 
clock gating logic. The over-approximation is generated by 
either removing a single variable from the original clock 
gating function or by removing a single component from the 
normal form representation of the clock gating function. In 
both cases, the element removed has the least in?uence on the 
resulting function. 
A truth table illustrating an example of an over-approxi 

mation is shoWn in FIG. 1. The truth table, generally refer 
enced 10, comprises variables 12, original function 14 and an 
over-approximation of the function 16. The original function 
F( ) is 

In this case, the over-approximation is accomplished by 
removing variable A, resulting in the approximation function 

FunctionA_F( ) is a good over-approximation of F( ) since, as 
the truth table indicates, for every value of A, B, C, 

In other Words, the over-approximation function A_F( ) 
enables the clock in at least all the cases Where F( ) enables the 
clock. 
Normal forms include conjunctive normal form (CNF) and 

disjunctive normal form (DNF). A CNF representation of a 
function is a representation of the function as a conjunction of 
clauses, Where each clause is a disjunction of literals. Every 
function has a representation in conjunctive normal form. For 
example, the function (A & B)|C is represented in CNF as 
(Al C) & (BIC). In addition, there exist techniques Well knoWn 
in the art to convert a function to CNF. A DNF representation 
of a function is a representation of the function as a disjunc 
tion of cubes, Where each cube is a conjunction of literals. 
Every function has a representation in disjunctive normal 
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form. For example the function (A & B)|C is already repre 
sented in DNF. In addition, there exist techniques Well known 
in the art to convert a function to DNF. 

A good over-approximation of a clock gating function can 
be de?ned as one Which results in a simpler function Which 
uses feWer variables, but differs as little as possible from the 
original function. Note that over-approximation of the clock 
gating function Will result in the clock ticking more than 
necessary. In this case, this requires adjusting the data input of 
the memory element (i .e., ?ip-?op, latch etc .) . A ?oW diagram 
illustrating the method to adjust the data input of the memory 
element is shoWn in FIG. 2. First, the result of the approxi 
mation function A_F( ) (step 190) is compared With the result 
of the original function F( ). In the case Where A_F( ) equals 
one When F( ) equals Zero, then replace the previous data input 
With the output from the memory element (step 194). Other 
Wise, retain the previous data input (step 196). Alternatively, 
this can be expressed as folloWs: Let D be the previous data 
input and let Q be the output of the memory element in 
question. Then the neW data input is 

ifAiF & !F then Q else D 

Where A_F( ) is the approximation function for F( ). This data 
function may later be simpli?ed or reduced using techniques 
Well knoWn in the art. 
Some portions of the detailed descriptions Which folloW 

are presented in terms of procedures, logic blocks, process 
ing, steps, and other symbolic representations of operations 
on data bits Within a computer memory. These descriptions 
and representations are the means used by those skilled in the 
data processing arts to most effectively convey the substance 
of their Work to others skilled in the art. A procedure, logic 
block, process, etc., is generally conceived to be a self-con 
sistent sequence of steps or instructions leading to a desired 
result. The steps require physical manipulations of physical 
quantities. Usually, though not necessarily, these quantities 
take the form of electrical or magnetic signals capable of 
being stored, transferred, combined, compared and otherWise 
manipulated in a computer system. It has proven convenient 
at times, principally for reasons of common usage, to refer to 
these signals as bits, bytes, Words, values, elements, symbols, 
characters, terms, numbers, or the like. 

It should be born in mind that all of the above and similar 
terms are to be associated With the appropriate physical quan 
tities they represent and are merely convenient labels applied 
to these quantities. Unless speci?cally stated otherWise as 
apparent from the folloWing discussions, it is appreciated that 
throughout the present invention, discussions utiliZing terms 
such as ‘processing,’ ‘computing,’ ‘calculating,’ ‘determin 
ing,’ ‘displaying’ or the like, refer to the action and processes 
of a computer system, or similar electronic computing device, 
that manipulates and transforms data represented as physical 
(electronic) quantities Within the computer system’ s registers 
and memories into other data similarly represented as physi 
cal quantities Within the computer system memories or reg 
isters or other such information storage, transmission or dis 
play devices. 

The invention can take the form of an entirely hardWare 
embodiment, an entirely softWare/?rmWare embodiment or 
an embodiment containing both hardWare and softWare/?rm 
Ware elements. In a preferred embodiment, the invention is 
implemented in softWare, Which includes but is not limited to 
?rmWare, resident softWare, microcode, etc. 

Furthermore, the invention can take the form of a computer 
program product accessible from a computer-usable or com 
puter-readable medium providing program code for use by or 
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6 
in connection With a computer or any instruction execution 
system. For the purposes of this description, a computer 
usable or computer readable medium can be any apparatus 
that can contain, store, communicate, propagate, or transport 
the program for use by or in connection With the instruction 
execution system, apparatus, or device. 

Over-Approximation of A Clock Gating Function 

In accordance With the invention, over-approximation of a 
clock gating function is performed by removing the variable 
With the least in?uence on the resulting function. Implement 
ing the over-approximated clock gating function results in 
clock gating circuitry that meets timing constraints While at 
the same time saving poWer through clock gating, all Without 
requiring the clock to be sloWed doWn in order to meet setup 
and hold times. 

Determining the in?uence of each variable is accom 
plished by generating functions (possibly but not necessarily 
represented by binary decision diagrams) for the in?uence of 
each variable on the clock gating logic function. A ?oW dia 
gram illustrating the method to determine the in?uence of a 
chosen variable is shoWn in FIG. 4. The ?rst step involves 
creating a function (eg a BDD) that represents the clock 
gating function When the chosen variable equals 0 (step 30). 
A second function (eg BDD) is then created that represents 
the clock gating function When the chosen variable equals 1 
(step 32). Next, a third function (eg BDD) is created Which 
expresses the instance Where the tWo functions created in 
steps 30 and 32 are not equal (step 34). Finally, the in?uence 
of the chosen variable is determined by calculating the prob 
ability that the function created in step 34 equals 1 (step 36). 

After determining the in?uence of each variable on the 
resulting function, the variable With the least in?uence is 
chosen, and an over-approximation function is generated 
Which does not use the chosen variable. The resulting over 
approximation function is then substituted for the original 
clock gating function and implemented in the digital design. 
As noted previously, this may involve correcting the data 
input function of the memory element being clock gated. 

Eliminating a Clocking Function Variable 

In operation, the invention analyZes of all the inputs and 
resulting output of a clock gated circuit. The method elimi 
nates a single variable from the original clock gating function. 
The method assumes that every variable has equal probability 
of having the value 0 and the value 1, that every signal input 
(i.e. variable) into the clock gating function has the same 
arrival time and that there are no other considerations to be 
taken into account. Later We remove these restrictions and 
consider the more general case. 

For example, the function F(A,B,C):(A & B)|C is over 
approximated by eliminating variable A, resulting in the over 
approximation function AF(B, C):B|C. Once one variable 
has been chosen for elimination, it can be eliminated as fol 
loWs. 

Let F(XO, X1, . . . X”) be the original clock gating function, 
and let X- be the variable chosen for elimination. The resulting 
approximation is 

Where F( )|X:C is the function resulting from setting variable 
X to constant value C. 

A ?oW diagram illustrating the clocking function variable 
elimination method can be found in FIG. 3. In an example 
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embodiment of the invention, a circuit designer loads a digital 
design containing a clock gated circuit to a logic design 
system. Using the steps previously described in FIG. 4, a 
variable is chosen to be eliminated from the clock gating 
function (step 20). The chosen variable is eliminated from the 
original clock gating function to calculate the approximation 
function (step 22). The original clock gating function is then 
replaced With the over-approximation function in the digital 
design (step 24). Finally, using the steps previously described 
in connection With FIG. 2, the data input of the memory 
element is adjusted to accommodate the over-approximation 
(step 26). 
The optimal over-approximation is accomplished When the 

variable chosen to be eliminated has the least in?uence on the 
resulting over-approximated function. Determining Which 
variable has the least in?uence is performed as follows: 
1. For a function FQ(O, X1, . . . X”) (Which We Will call F), 

build functions F X0, FXl, through FXn as folloWs: 

2. Let the in?uence L Xi of variable X, be the number of lines 
in the truth table of F Xi that have the value 1. 

3. Choose the variable With the least in?uence. 

Assume Without loss of generality that it is Xj. Therefore a 
good approximation AF of function F is: AFIFIXFOIFIXFI. If 
necessary, further approximations of the function AF can be 
performed if a smaller function than AF is required. 

Building truth tables to determine the variable With the 
least in?uence is usually impractical. The same functionality 
can be achieved by using any symbolic means to manipulate 
the functions, for example binary decision diagrams (BDD). 
An illustrative example of using BDDs to determine the 

variable With the least in?uence is shoWn in FIGS. 5, 6A, 6B, 
6C, 6D, 6E, 6F, 7A, 7B, 7C and 8A, 8B, 8C. FIG. 5 illustrates 
the original function. FIGS. 6A, 6B, 6C, 6D, 6E, 6F illustrate 
the BDDs of the function When each variable equals 0 and 
When each variable equals 1. FIGS. 7A, 7B and 7C illustrate 
the BDDs indicating the in?uence of each variable. Finally, 
FIGS. 8A, 8B and 8C shoW the in?uence of each variable. 
An example function to Which the over-approximation 

mechanism of the present invention is applied to is shoWn in 
FIG. 5. The BDD, generally referenced 40, is a representation 
of the function F(A,B,C):A & BIC. 

FIG. 6A shoWs the BDD, generally referenced 50, of F | AIO, 
Which is the resulting function of F(A,B,C):(A & B)|C When 
A equals 0. The resulting function is F(C):C. 

FIG. 6B shoWs the BDD, generally referenced 60, of F | [1:1, 
Which is the resulting function of F(A,B,C):(A & B)|C When 
A equals 1. The resulting function is F(B,C):B|C. 

FIG. 6C shoWs the BDD, generally referenced 70, of F | BIO, 
Which is the resulting function of F(A,B,C):(A & B)|C When 
B equals 0. The resulting function is F(C):C. 

FIG. 6D shoWs the BDD, generally referenced 80, of F | 5:1, 
Which is the resulting function of F(A,B,C):(A & B)|C When 
B equals 1. The resulting function is F(A,C):A|C. 

FIG. 6E shoWs the BDD, generally referenced 90, of F | 0:0, 
Which is the resulting function of F(A,B,C):(A & B)|C When 
C equals 0. The resulting function is F (A, B):A & B. 

FIG. 6F shoWs the BDD, generally referenced 100, of 
F | CII, Which is the resulting function of F(A,B,C):(A & B)|C 
When C equals 1. The resulting function is FII. 

Once all the BDDs are constructed for all the variables, 
additional BDDs are constructed to demonstrate the in?uence 
of each variable. The in?uence of a variable is calculated as 
the resulting function of the instance Where the original func 
tion calculated When the selected variable is one does not 
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8 
equal the original function When the selected variable is Zero. 
In this example, FlA:O is C, and FlA:l is BIC. The resulting 
function that is derived from When (F |A:O)¢(F IAII) is F_A:B 
& !C. FIG. 7A shoWs the BDD, generally referenced 110, for 
the function F AIB & !C. FIG. 7B shoWs the BDD, generally 
referenced 120, for the function F BIA & !C, Which is the 
resulting function from When (F| B:O)¢(F | 3:1). FIG. 7C shoWs 
the BDD, generally referenced 130, for the function 
F CIlAI !B, Which is the resulting function from When 
(F|C:O)# (F|c:1)~ 

After BDDs are constructed for F A, F B and FC, the in?u 
ence of each variable can be calculated by applying the BDD 
function count_bdd( ). FIG. 8A contains the BDD, generally 
referenced 140, of F AIB & !C. Traversing the BDD, it is 
determined that the function represented by the BDD equals 
one 25% of the time. Therefore the in?uence of A, L_A is 
25%. 

Similarly, FIG. 8B contains the BDD, generally referenced 
150, of F BIA & !C. Traversing the BDD shoWs that F B also 
equals one 25% of the time. Therefore the in?uence of B, L B 
is 25%. 

Finally, FIG. 8C contains the BDD, generally referenced 
160, of Fc:!A| !B. Traversing the BDD shoWs that FC equals 
one 75% of the time. Therefore the in?uence of C, LC:75%. 
Since L A equals 25% and LB equals 25%, they are the best 
candidates for elimination from the original clock gating 
function F (A,B,C):(A & B)|C. If variable A is (arbitrarily) 
chosen then the resulting approximation function AFIBIC. 

Another method Which can ?nd the variable With the least 
in?uence is called the direct method. The direct method is a 
brute force approach Which ?rst creates each of the approxi 
mations F IXJ:O | F lXj: l for each Xj. After all approximations are 
created, the suitability of each one is measured. Note that 
analyZing approximation functions via the brute force 
method Will yield the same result as the method discussed 
supra, since all possible approximation functions are derived. 
The method described above to eliminate a single variable 

from a clock gating function assumes that every variable (i.e. 
input signal) has equal probability of having the value Zero 
and the value one. In instances Where the probabilities are not 
equal, the in?uence functions can then be Weighted accord 
ingly. Instead of counting the lines of the truth table that have 
the value one for the in?uence function, each line is Weighted 
by its probability. Instead of using the function count_bdd( ) 
in the symbolic method, a Weighted count function is used 
Which multiplies the total of the left tree of the BDD by the 
probability of the variable being Zero, and the right tree of the 
BDD by the probability of the variable being to one. 

In the previously discussed example represented by FIGS. 
7A, 7B and 7C, suppose that the probability of signal B being 
one is 80% and the probability of it being Zero is 20%. Also 
suppose that probabilities for variablesA and C being one and 
Zero are equal (i.e. 50/50). Therefore, L A equals 40%, LB 
equals 25%, and LC equals 60%. In this case, variable B is the 
leading candidate for elimination, Which results in the folloW 
ing approximation 

rather than the previous (i.e. When probabilities Were equal) 

AFIFIAZOIFIAZIIBIC 

There are instances When the arrival times of the signals 
(i.e. variables) into the clock gating function differ. If the 
arrival times of signals need to be taken into consideration, 
they can be Weighted such that a signal With a late arrival time 
receives a loW Weight and a signal With an early arrival time 
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receives a high Weight. In this instance, the appropriately 
Weighted variables are used in the previously de?ned method 
to eliminate a single variable from a clock gating function. 

There are instances When the signal inputs (i.e. variables) 
into the clock gating function are either global or local sig 
nals. In this instance global signals are used to gate all latches 
in the design. To ensure that a global signal is not eliminated, 
a high Weight is assigned to the signal. Conversely, loWer 
Weights are assigned to local signals. These Weighted signals 
can then be multiplied by their respective in?uences, as dis 
cussed supra. 

There are instances When the signal inputs (i.e. variables) 
into the clock gating function have different frequencies. 
Higher frequency signals are toggled by a faster clock than 
loWer frequency signals. In this instance the input signals can 
be appropriately Weighted according to their respective fre 
quencies. These Weighted signals can then be multiplied by 
their respective in?uences, as discussed supra. 

The intersection coe?icient technique of Us. application 
Ser. No. 11/755,015, cited supra, for example, is operative to 
provide a Weighting mechanism for input signals to the clock 
gating logic function. There are instances When there exist 
different intersection coe?icients betWeen the clock enable 
logic and the data logic. In this instance, signals in the inter 
section are given loWer Weights than the other input signals. 
These Weighted signals can then be multiplied by their 
respective in?uences, as discussed supra. 

Over-Approximation of Functions Expressed in a 
Normal Form 

In operation, the invention analyzes of all the inputs and 
resulting output of a clock gated circuit. The method assumes 
(1) that each variable has an equal probability of having the 
value Zero and the value one, (2) that every signal input (i.e. 
variable) into the clock gating function has the same arrival 
time and that (3) there are no other considerations to be taken 
into account. Later We remove these restrictions and consider 
the more general case. The method eliminates a single com 
ponent from the original clock gating function expressed in a 
normal form. Components are clauses in functions expressed 
in CNF and literals in functions expressed in DNF. 

In the instance Where the clock gating function is expressed 
in CNF, removing one or more clauses results in a function 
such that the original function F implies the approximated 
functionAF. For example, by removing the clause (A|C) from 
the CNF form of function F(A,B,C):(A & B)|C (the CNF 
representation being (A|C) & (B|C)), the resulting approxi 
mation is (BIC). If clause (BIC) is removed, then the resulting 
approximation is (AIC). 

In the instance Where the clock gating function is expressed 
in DNF, removing one or more literals from one or more 

clauses, results in an approximation such that the original 
function F implies the approximated function AF. For 
example, by removing the literal A from the DNF represen 
tation of F(A,B,C):(A & B)|C (note that this function is 
already expressed here in DNF), then the resulting approxi 
mation is (BIC). If the literal B is removed, then the resulting 
approximation is (AIC). 
A ?oW diagram illustrating the normal form approximation 

method of the present invention is shoWn in FIG. 9. In the ?rst 
step, the clock gating logic function is expressed in a normal 
form (step 170). If the clock gating function is expressed in 
CNF, then a clause is chosen to be removed the function (step 
178). The chosen clause is then removed from the CNF rep 
resentation to calculate the approximation function (step 
180). Finally, the original clock gating function is replaced 
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10 
With the approximation function in the digital design (step 
182).Altematively, if the clock gating function is expressed in 
DNF, then a literal is chosen to be removed from a clause of 
the function (step 174). The chosen literal is then removed 
from the DNF representation to calculate the approximation 
function (step 176). The original clock gating function is then 
replaced With the over-approximation function in the digital 
design (step 182). Finally, using the steps previously 
described in connection With FIG. 2, the data input to the 
memory element is adjusted in order to accommodate the 
over-approximation (step 184). 

Choosing the component (i.e. a clause for CNF or a literal 
for DNF) can be arbitrary, or can be based on (but not limited 
to) various considerations. For example, components can be 
selectedbased on (1 ) the number of variables they contain; (2) 
the probability of their assertion; (3) the arrival time of their 
signals (i.e. variables); (4) the scope of their signals (i.e. 
variables); (5) the frequency of their signals (i.e. variables); or 
(6) the participation of their signals (i.e. variables) in the 
intersection betWeen the clock enable and the data logic. 

It is intended that the appended claims cover all such fea 
tures and advantages of the invention that fall Within the spirit 
and scope of the present invention. As numerous modi?ca 
tions and changes Will readily occur to those skilled in the art, 
it is intended that the invention not be limited to the limited 
number of embodiments described herein. Accordingly, it 
Will be appreciated that all suitable variations, modi?cations 
and equivalents may be resorted to, falling Within the spirit 
and scope of the present invention. 

What is claimed is: 
1. A method of over-approximating an input clock gating 

function associated With a memory element having a plurality 
of variables; said method comprising the steps of: 

selecting one of said plurality of variables to be eliminated 
from said function; 

removing said selected variable from said function; 
calculating, by using a computer, an approximation func 

tion to re?ect the absence of said selected variable; 
replacing the original clock gating function With said 

approximation function; and 
adjusting the data input of the memory element to accom 

modate the over-approximation in accordance With a 
comparison betWeen said input clock gating function 
and said approximation function. 

2. The method according to claim 1, Wherein said step of 
selecting a variable to be eliminated comprises the steps of: 

calculating an in?uence of each variable in said clock 
gating function; and 

selecting the variable that exhibits the least in?uence. 
3. The method according to claim 2, Wherein said step of 

calculating the in?uence of each variable comprises the steps 
of: 

creating a binary decision diagram (BDD) of a function 
representing said clock gating function Wherein said 
variable is set to Zero, to yield a ?rst result thereby; 

creating a BDD of a function representing said clock gating 
function Wherein said variable is set to one, to yield a 
second result thereby; 

calculating a neW function representing the instance of a 
function of said ?rst result not being equal to a function 
of said second result; 

creating a BDD in accordance With said neW function; and 
calculating a probability that a result of said neW function 

equals one. 
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4. The method according to claim 3, wherein said step of 
calculating a probability comprises the step of adjusting the 
calculation When the probability of each variable equal to one 
is known. 

5. The method according to claim 1, Wherein at least one of 
said variables comprises an input signal Weighted in accor 
dance With its arrival time. 

6. The method according to claim 1, Wherein at least one of 
said variables comprises an input signal Weighted in accor 
dance With its scope. 

7. The method according to claim 1, Wherein at least one of 
said variables comprises an input signal Weighted in accor 
dance With its frequency. 

8. The method according to claim 1 Wherein at least one of 
said variables comprises an input signal Weighted in accor 
dance With its intersection coe?icient. 

9. The method according to claim 1 Wherein at least one of 
said variables comprise an input signal With greater signi? 
cance. 

10. The method according to claim 8, Wherein said inter 
section coe?icient is calculated as the number of inputs 
shared betWeen data logic and clock enable logic of the clock 
gating function. 

11. A method of over-approximating an input clock gating 
function associated With a memory element, said input clock 
gating function represented in conjunctive normal form 
(CNF) having a plurality of clauses; said method comprising 
the steps of: 

selecting one of said plurality of clauses to be eliminated 
from said CNF representation; 

removing said selected clause from said CNF representa 
tion; 

calculating, by using a computer, an approximation func 
tion re?ecting the absence of said selected clause; 

replacing said original clock gating function With said 
approximation function; and 

adjusting the data input of the memory element to accom 
modate the over-approximation in accordance With a 
comparison betWeen said input clock gating function 
and said approximation function. 

12. A method of over-approximating an input clock gating 
function associated With a memory element, said input clock 
gating function represented in disjunctive normal form 
(DNF) having a plurality of literals; said method comprising 
the steps of: 

selecting one of said plurality of literals to be eliminated 
from said DNF representation; 

removing said selected literal from said DNF representa 
tion; 
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12 
calculating, by using a computer, an approximation func 

tion re?ecting the absence of said selected literal; 
replacing said original clock gating function With said 

approximation function; and 
adjusting the data input of the memory element to accom 

modate the over-approximation in accordance With a 
comparison betWeen said input clock gating function 
and said approximation function. 

13. A method of over-approximating an input clock gating 
function associated With a memory element, said input clock 
gating function expressed in normal form containing a plu 
rality of components; said method comprising the steps of: 

selecting one of said plurality of components to be elimi 
nated from said normal form representation; 

removing said selected component from said normal form 
representation; 

calculating, by using a computer, an approximation func 
tion re?ecting the absence of said selected component; 

replacing said original clock gating function With said 
approximation function; and 

adjusting the data input of the memory element to accom 
modate the over-approximation in accordance With a 
comparison betWeen said input clock gating function 
and said approximation function. 

14. The method according to claim 13, Wherein said com 
ponents are Weighted in accordance to the number of vari 
ables contained in said component. 

15. The method according to claim 13, Wherein at least one 
of said components is Weighted in accordance to the prob 
ability of its assertion. 

16. The method according to claim 13, Wherein at least one 
of said components comprises an input signal Weighted in 
accordance With its arrival time. 

17. The method according to claim 13, Wherein at least one 
of said components comprises an input signal Weighted in 
accordance With its scope. 

18. The method according to claim 13, Wherein at least one 
of said components comprises an input signal Weighted in 
accordance With its frequency. 

19. The method according to claim 13, Wherein at least one 
of said components comprises an input signal Weighted in 
accordance With its intersection coe?icient. 

20. The method according to claim 19, Wherein said inter 
section coe?icient is calculated as the number of inputs 
shared betWeen data logic and clock enable logic of the clock 
gating function. 


